The application of a resistant coating on ships, offshore structures and pipelines is the primary prevention method of corrosion wastage in the marine industries. To guarantee coating integrity and to be able to thoroughly survey for corrosion wastage on marine structures, new advanced nondestructive methods are being sought. The requirements of convenient and rapid determination of corrosion wastage on coated structures, even in the difficult spatial positions of the structure, will require advanced technologies which are being developed for other industries which also require very high structural integrity. A review of the developments in electromagnetic wave (advanced microwave and eddy current practices) sensors, in elastic wave (advanced ultrasonic practices) sensors, in time-resolved thermography (thermal imaging), in electrochemical sensors and in other emerging analytical techniques is presented. Each of the identified emerging technologies was assessed based on a set of requirements necessary to be an acceptable marine corrosion wastage testing tool. This technology review and assessment include the use of both active and passive sensors and monitors, and the use of sensor arrays. The state of development and availability of the most promising technologies will be described.
INTRODUCTION

Cost of corrosion damage prevention on marine structure
The primary cost of corrosion in ships structure can be divided into two major parts [Johnson 2002]: 1) The cost for the new construction of the ships. These costs include corrosion-resistant materials, coatings, and cathodic protection systems installed during construction.
2) The cost of repairs and maintenance. These costs include the replacement of ship hull plates, the removal and reapplication of coatings, and the cost of additional cathodic protection. The significant portion of the cost of coating application comes from the surface preparation needed to prepare for coating. Most modern coatings require extensive surface grit blasting to remove all of the corrosion, scale, and other products on the steel. Without the proper surface preparation, the coating will not properly adhere to the steel surface and corrosion problems will be much more likely. The down time cost due to corrosion maintenance will be included according to the revenue lost due to the ship being out of service while repairs and maintenance are being performed. The estimated annual cost of corrosion in the U.S. marine shipping industries was $2.7 billion [Johnson 2002 ].
Marine Structure
In 1990, the U.S. Congress passed the Oil Pollution Act. It required all new tankers operating in the United States to be built with a double hull [Tower 2000] . Most other industrial nations passed similar laws so that today almost all oil carriers are built with a double hull. A double-hulled ship is built with an additional inner hull. The space between the inner and outer hulls can be used for ballast, but not for cargo, so if the outer hull is pierced, the cargo within the inner hull remains protected.
The mandatory requirement of double hull tankers has accelerated the use of higher tensile strength (HT) steel. Use of HT steel allows thinner steel plates to be used, while satisfying the requirements of the various classification societies. The combined effect of the double-hull design and the increased use of HT steel can result in a reduction of about twenty percent in plate thickness in certain areas and some reductions in hull girder stiffness. Therefore, the hull and local structural members may flex more with wave motion. This flexing could particularly disturb the corrosion build-up on uncoated underdeck surfaces, thereby loosening scale and rust and exposing a new layer of steel to ongoing corrosion conditions. This greater flexing of thinner structural members can be considered the "dynamic accelerator" in the corrosion process. [Ma 2000] In addition to the dimensional differences between single and double-hulled tankers, operators have found differences between the environments in the cargo tanks corrosion rate is quadrupled. The main difference between the environments is that the cargo tanks in double-hulled tankers are often warmer due to what has been called the thermos effect. These higher temperatures are a problem for two reasons. First, corrosion rates often double for every 10°C increase in temperature; therefore, if the average temperature of the tank is 20°C warmer, then the average corrosion rate in quadrupled. A second problem with higher temperatures is that many coatings, particularly tar epoxies, do not handle high temperatures well and will degrade more rapidly.
The difficulty of ship hull inspection is the complex structure of the ships' hulls. New sensors or techniques to inspect difficult access areas are needed. The schematic of single hull ship structure is illustrated in figure 1, indicates the complex structure and inaccessible areas common within ship hulls. Similarly, a schematic of a double hull is presented in figure 2.
Nature of marine corrosion of steel
Two types of corrosion have been found to commonly exist within ships [Titcomb 1982 ]: General and Pitting/Grooving corrosion.
General corrosion is the most common type of corrosion in ship structures. The corrosion product appears as a non-protective rust which can uniformly occur on uncoated, internal surfaces of a ship. The rust generally has a constant thickness and similar consistency over the surface.
There are microcathodic and anodic areas caused by variations in grain structure, impurities in the metal, alloying elements, and other inhomogeneities. For general corrosion, the cathodic and anodic areas constantly switch back and forth due to a difference in potential or degree of polarization, thus accounting for the uniform corrosion of the surface.
Pitting corrosion is a very serious type of corrosion damage due to its rapid growth following an initial delay time. Pitting is a very localized form of corrosion which usually grows in the direction of gravity. It is also selfgenerating, i.e. autocatalytic, starting from irregularities in the metal surface, under scale or other deposits, or from some inhomogeneities in the metal.
A specialized form of pitting corrosion, known as grooving (or necking) corrosion, also occurs frequently within ships. This corrosion, sometimes also referred to as "in-line pitting attack", occurs at structural intersections where water collects or flows. Grooving can also occur on vertical members and flush sides of bulkheads.
Most of the corrosion on the bottom of crude cargo tanks is in the form of pitting. Similar corrosion is found in refinery storage tanks. Crude oil contains a small percentage of water that will settle over time to the bottom of a storage tank. If the crude oil contains H 2 S or other chemicals, acid will be formed from the water and the acid will attack the bottom of the tank. The water on the bottom of the tank can also lead to corrosion because the various microbes in the water will cause microbiologically induced corrosion (MIC).
The other areas in crude oil tanks where considerable corrosion occurs are at the top of the tank. The corrosion in this type of area tends to be in the form of a general attack rather than pitting; however, the difficulty of inspecting and repairing these regions makes corrosion of these areas a major concern. The flexing/descaling at the top portions of the cargo tanks made of HT steel is also a concern.
The corrosion patterns discussed have been generally descriptive of the results found for tanker surveys. However, it is important to note that all cargo ships experience corrosion, the extent and severity of which depend on such factors as cargo, temperature, humidity, and protection system. Ballast tanks in all ships experience the highest corrosion rate. This behavior is due to the fact that the greater exposure of metal to salt water increases the corrosion rate. Most of trading tankers in use now have their ballast tanks fully coated. A recent survey of corrosion wastage measurements on oil tankers shows, however, that the average corrosion wastage does not seem to depend on the usage spaces. The following locations where corrosion is found are locations also important to structural integrity. 1) Bottom plating The bottom plating within a ship typically experiences high corrosion wastage. As a result of water collecting and settling on the bottom, pitting, grooving, and general wastage occur frequently. For coated plating, wastage will take the form of localized pitting and grooving, resulting in coating failure. For inorganic zinc coating, the wastage will tend to form in patches of scaly areas with only minimal thickness loss. For coal tar epoxy coated plating, wastage will tend to present as deep pits of limited area which pose a definite risk of bottom penetration if not repaired.
For uncoated tanks, bottom wastage is more general. Wastage is high at cutout locations in transverse web frames and bottom longitudinals, and low just forward and aft of web frames outside the line of the cutouts. Figure 3 illustrates an example of this loss pattern on the ship bottom plate. Bottom wastage generally increases from forward to aft, most likely due to water wedges caused by the normal trim patterns by the stern, both in full load and ballast conditions. However, this behavior can be reversed on some ships where the tendency is to trim slightly by the bow in the full load condition. Aft bays of liquid cargo and ballast tanks can experience corrosion almost continuously. Also occurring on bottom plating and often on other typical areas of bottom structure are grooving of the welds of bilge longitudinal members as well as thinning and cracking at the toes of longitudinal girder brackets. The bottom structure is an important area to survey because it is where corrosion is most prevalent and a location that is critical to structural integrity.
2) Side Shell and Bulkhead Stiffeners Wastage patterns on the side shell and the stiffened sides of bulkheads are usually limited to the stiffening horizontal webs. In coated tanks, wastage occurs at coating failures which generally start at welds, cutouts and sharp edges. In uncoated tanks, wastage is more general and usually increases toward the bottom of the tank. Deep pitting is often found on lower stiffening, usually near web frames. On ships with fabricated longitudinals where the face flat extends above the web, wastage can be rather severe due to the trapping of water on the web.
3) Deck heads For coated deck head structure, wastage usually occurs at the connections of the deck longitudinal to deck plating (grooving or necking). Uncoated compartments suffer more uniform corrosion. When the compartment is empty, the area is subject to a highly corrosive, moist, salt-laden atmosphere. Oxygen is readily available high in the compartment from hatches, vents and deck openings. Oxygen contributes greatly to the uniform corrosion process. When a compartment is full of ballast or liquid cargo, general wastage results without the hindrance of the protection of an oil film. Deck heads are important structural locations to survey. The deck is critical to the hull girder strength.
4) Special Locations
There are other special locations that should be surveyed where local corrosion is prevalent. Wastage can occur in high stress areas where coatings break down and corrosion attack begins. These locations include cut-outs in frames. The plating under bellmouths is vulnerable to general wastage in both coated and uncoated tanks due to the added affects of high fluid velocity during ballast discharge. Other special locations should be surveyed include where structural integrity is reduced or in areas where watertight integrity is reduced.
The corrosion rate of steel in sea water in terms of exposure time is illustrated in figure 4. It can be seen that the initial corrosion rate is very high for carbon steel in sea water. As the ship ages and thins in many different areas, some of which are hard to coat and difficult to monitor, the thinner members are more prone to flexing in heavy seas. During regular sea conditions, corrosion of steel members will have formed a partial protective barrier of rust. This rust layer is the reason for the lower corrosion rate of steel in sea water, and is the reason why laboratory corrosion coupon tests in stationary sea water report lower corrosion rates. But during the heavy sea conditions, the flexing of these members will detach the rust barrier, allowing a high corrosion of unprotected steel. Older ships, which are often without significant maintenance or replacement of corroded structural sections, sometimes exhibit extremely high corrosion rates producing what has been called "super corrosion".
Existing Wastage Assessment Technologies
There are many of nondestructive evaluation techniques to assess the corrosion in marine structures that have been used. The review of these methods have been reported [Agarwala and Ahmad 2000] .
1.4.1Visual Methods
Visual methods have been accepted for ship inspection for a long time. Different devices and techniques have been developed. Sentry holes is the technique that use the allowance thickness of the ship structure. When the corrosion depth meets the thickness allowance, the leakage of liquid inside will provide an early warning. Charge coupled devices are relatively inexpensive, using optical scanning devices to record the images and then process them through computer programming. This technique can scan the large areas such as ships and pipelines but is limited to open surfaces only. 
Ultrasonic Methods
Ultrasonic waves have been used for the detection of a variety of material defects. By sending ultrasonic waves through substrate and measuring reflection and transmission amplitudes, traveling time, and attenuation, the discontinuities or internal defects can be detected, and the plate thickness can be calculated. Time consumed to thoroughly test a large structure is the major disadvantage of ultrasonic measurement because of pointby-point examination.
Furthermore, preparation of the surface and coupling mediums are required. For large area inspection, ultrasonic guided waves have been used. The advantage of guided waves is the ability to travel along the surface and make measurements faster than the use of bulk waves. The application of guided waves will be illustrated later.
Acoustic Emission Method
The ability of acoustic emission (AE) equipment to monitor an entire vessel, metal or fiberglass-reinforced plastic for structural integrity establishes AE detection as a valuable nondestructive inspection technique. The bulk wave acoustic technique is appropriate for in-situ, real time monitoring of corrosion processes in low conductivity solutions, particularly in organic solvent systems. An AE technique was used to detect development of pitting corrosion and a good correlation was observed between AE activity and pitting rate [Guang et al. 2002] .
Radiographic Methods
Penetrating gamma and X-rays are used to provide images of the variation in thickness of metallic components. Radiation methods require access to both sides of the structure. Operators usually place films inside of tanks or ships and radiation sensors are placed outside. The images obtained can be compared with good condition areas. Radiation methods of corrosion monitoring have low resolution and require radiation safety measures. There are two major categories of realtime radiography devices available, one featuring an Xray source and the other a radioactive source. The X-ray systems offer far better resolution than the isotope systems.
Thermal Imaging
Thermographic imaging, or time-resolved thermography, has been developed for the detection of hidden corrosion. Thermographic imaging can scan large areas to provide a macro view of an uncomplicated structure. Although fast, safe, and non-intrusive, this method is not yet a cost-effective way to quantify low levels of corrosion damage. Because of the difficulty of thermographic image interpretation, precision and reliability are dependent on the skill and experiences of the operator. The resolution of IR cameras is affected also. A reference standard is required to interpret the thermographic image. Infrared computed topography for interpretation of thermal images has given some credence to precision in recognition and resolution.
Electrical Resistance Measurement
The weight-loss coupon method is made by periodically monitoring a coupon exposed to corrosion condition. The measurement of its weight loss is directly related to the corrosion rate. According to the concept of weight-loss coupons, the corrosometer provides the direct measurement of the increasing electrical resistance of the conductor as a cross sectional area of materials reduces. A metallic conductor sensing probe is generally a thick wire or strip or tube of the same material. The electrical resistance of this probe is compared with that of a reference probe that is protected from the corrosion exposure. As the exposed probe corrodes, its electrical resistance increases, depending upon the extent of corrosion. The two probes are kept under the same thermal conditions, so that any resistance changes caused by temperature fluctuations are compensated.
Galvanic Thin Film Micro Sensors
When two dissimilar metallic elements of the sensor are exposed to the corroded environment but kept isolated from each other, they corrode at their respective corrosion rates. But when dissimilar elements are electrically shortcircuited through a zero resistance ammeter, they become galvanically coupled. A current is developed when an electrolyte, such as moisture containing salt, from the environment condenses on the sensor elements and electrically connects the gap between the two electrodes. The magnitude of this galvanic current is directly proportional to the corrosivity of the condensed environment and its film thickness.
By considering the electrochemical dissimilarity in metals, the method for in-situ corrosion monitoring has been developed. The galvanic type sensors are made of micro strips of two dissimilar metals fabricated on a thin kapton polymer film and galvanically coupled together through a zero resistance circuit called ZRA for data acquisition. The noble element in the couple is gold and serves as cathode while the active metal, such as Cadmium, Zinc, Iron or Nickel, serves as an anode when short-circuited. The output of the sensor has shown excellent correlation between the corrosive nature of the environment and the magnitude of the current developed. The sensors have been evaluated for environmental corrosivity characterization, coating performance, properties of sealant and adhesives, hidden corrosion detection, and composite degradation [Agarwala and Fabiszewski 1994] . The metal elements of the sensor are typically 150 microns in width and 25 microns in thickness, with insulation gaps of approximately 120 microns when fabricated. Among the various combinations of metals used for galvanic couple, the best combination was Au-Cd. This couple was found most sensitive and reproducible for environments which can detect even slight corrosion in materials. In marine atmosphere, Au-Ni was found to be best suited for long term testing.
Electrochemical Sensors
Electrochemical methodologies have been developed which yield information on corrosion types, corrosion kinetics, and local corrosion rates. Potentiodynamic measurements of pitting potential can be performed in a flow circuit by varying chloride ion concentration (10 -3 to 1 mol/L), pH (2 to 8), dissolved oxygen content (0 to 8 mg/L), temperature (10 to 60 °C) and flow velocity (0 to 2 m/s). The influence of these parameters on the pitting potential can be evaluated using an evolution-inspired optimization technique with an equation derived from the literature data. This technique demonstrates stable convergence and results in an empirical equation facilitating the forecast of pitting potential within the investigated parameter field [Agarwala and Ahmad 2000].
1.4.9Electrochemical Noise Technique
Electrochemical Emission Spectroscopy (EES) has been developed for nondestructive, real-time corrosion rate measurements. The measurement of the corrosion is made using signals generated by the corroding system as passive sensors. EES can detect the onset and repassivation of a previously localized corrosion site. EES offers several advantages over other corrosion monitoring techniques, such as linear polarization resistance and electrochemical impedance spectroscopy (EIS). EES requires no external perturbation of measuring the corrosion rate and may have significant potential in industrial corrosion monitoring applications [Davis et al. 2000 ].
Hydrogen Measurement Probe
The corrosion process often proceeds with the evolution of hydrogen. An electrochemical hydrogen sensor with a fast response can allow for correlation of the hydrogen evolution to the amount of corrosion damage.
Chemical Sensors [Agarwala and Ahmad 2000]
Color Change or Fluorescent Type. There are compounds that change their optical signature when they undergo redox (oxidation-reduction) behavior. The compounds, which show color change in the visible spectrum range, show intense color shift from very light blue to dark purple when reacting with ferric iron ions during corrosion. However, these compounds have not proven to be very practical in the cosmetic sense; when put into coatings as indicators, they show up as blotches in visible light. The compounds, which show fluorescence in the ultraviolet to near infrared region, were investigated for their corrosion sensing when subjected to the effects of temperature, pH, reduction and re-oxidation behavior. Fluorescent chemicals have long been used for tagging or identification purposes. A number of dyes, like Fluorescein, Columbia blue and Coumarines, have been used for a long time as dye penetrants for crack detection. For corrosion sensing, the chemical should fluoresce only when either oxidized or when reacting with the corroding specie. The compounds, such as fluorescein, Morin, Schiff bases, oxines and hydroxyquinolines, were found to fluoresce with aluminum ions and during oxidation in air when incorporated into primer paint coatings for aluminum alloys. These studies [Agarwala and Ahmad 2000] show that fluorescent methods appear to have potential as early warning sensors for the detection of corrosion. Large surface areas of alloy material, which are used in aircraft, could be scanned with ultra-violet light to detect the fluorescence of these materials, indicating possible corrosion sites. Various smart coatings utilizing electrochemical properties of color change coatings have been developed.
Fiber Optic-Color Change. A fiber optic pH imaging sensor array [Panova et al 1997] capable of both visualizing remote corrosion sites and measuring local chemical concentrations at these sites was applied to realtime corrosion monitoring. The fiber's distal face, containing an immobilized pH-sensitive fluorescent dye, was brought into contact with a metal surface submerged in aqueous buffers and then fluorescence images were acquired as a function of time. Heterogeneous fluorescence signals were observed due to both pH increases at cathodic surface sites and pH decreases at anodic surface sites. These fluorescence signals showed both localization and rates of corrosion activity. However, proton/hydroxide diffusion, as well as the diameter of the individually clad optical fibers comprising the imaging bundle, limited the spatial resolution of the technique.
The non-linear optical techniques, which are based on the principles of the Surface Second Harmonic Generation (SSHG), have been used for remote in-situ detection of low levels of surface corrosion. SSHG is a surface sensitive technique, which is non-intrusive and nondestructive. The SSHG technique has spectroscopic capability. Formation of an iron oxide or other species due to corrosion will lead to a change in the spectral signature reproduced at the surface. This information provides a means to monitor the onset of corrosion. Because it is surface specific, SSHG can examine any optically accessible interface including, for example, the examination of the corrosion-induced chemical changes at a metal solution interface.
Holographic Interferometry. This method is an optical corrosion meter used to measure the corrosion density of copper in sea water [Habib and Al-Sabti 1997] . The meter was developed to test and evaluate materials in relation to different corrosion phenomena. It is based on the principle of holographic interferometry for measuring microsurface dissolution and on the principles of electrochemistry for measuring bulk electronic current of metallic samples in aqueous samples. Results suggest that the technique is very useful for monitoring pitting at the initiation stage for different metals in aqueous solutions.
NEED FOR NDE SENSORS AND MONITORS FOR MARINE CORROSION AND WASTAGE
Need
Due to the nature of corrosion presented in offshore application, and the complexity of marine structures, nondestructive measurements are the best solution. The in-situ corrosion monitoring for early warning as well as accurate active measurement in the limited maintenance time interval is preferred practice. Also new analytical methodologies are needed to make full use of data acquired from the NDE corrosion sensors [Mullins and Crane 2002] .
Active and Passive Sensors
There are two categories of nondestructive methodology that can be used to evaluate corrosion wastage in marine structures. The sensors that are used to measure the corrosion feature and location by way of active inspection are active sensors. The active measurement should provide accurate data and clearly demonstrate characteristics of damage, and take a short time, subjected by limited maintenance time interval. Passive methods include the sensors that have been set up to monitor the in-situ condition of the structure inspected or provide continuous measurements. Passive sensors are often used for early warning and active measurement will be used after early warning or during the maintenance intervals.
Requirements for NDE Equipments
Weight and size of the equipment for marine corrosion detection are limited by the ship's structure. The size of sensors must be smaller than a manhole of the ship and must be able to access difficult areas, such as the corner of the tank. The weight should be light and easy to carry.
Ease of operating is needed for application offshore. The sensors should provide easy reading information, and require minimum technical knowledge by ship operators.
The Surface preparation needed for most techniques is a disadvantage. Some emerging techniques have the ability to detect the corrosion on and under the surface without preparation. These new technologies may reduce the time and cost of monitoring.
Time consumption is a concern because of the limited time that ships and pipelines can be out of services for maintenance. The assessment should take the shortest time possible or in-situ detection will be preferred.
The efficiency of detection varies depending upon the depth and size of defects. As described in the nature of corrosion in marine structures, pitting corrosion may lead to leakage, so the depth a sensor can detect is important.
Durability and service lifetime of instruments are also factors because of the use of these instruments in a sea environment and the long time span of ships' voyages.
The ability to have data acquisition and storage is useful to document the progression of the corrosion wastage, and to develop the data for prediction of the corrosion progress.
Cost of inspection is a very important factor and depends on the level of required integrity.
EMERGING NDE TECHNIQUES FOR CORROSION AND WASTAGES
Acoustic Emission
An acoustic emission method has been studied for the detection of corrosion in vertical storage tanks [Guang et al 2002] . Because distortion of the corroded areas and the flow of leakage liquid make acoustic signals, the experiment involved attaching sensors outside of a tank in various positions. The arrangement is illustrated in figure 5 . The instruments consist of 32 acoustic emission probes, analytical equipment and a highly sensitive ultrasonic thickness meter.
The total gain is 70 dB, using a time difference and zone location method. Loading and unloading liquid in the tank will stimulate the flow and acoustic noise. The measurement can be used to predict corrosion location and level of degradation. The result is shown in figure 6 . In figure 6(d), when the tank was unloaded, the liquid level was fell and made acoustic signals, illustrating that there are many corrosion products and pitting at a location near the sensor number 1. The acoustic emission method is used to locate the site of defects within a short time and can be applied for in-situ monitoring in marine pipelines and tankers. Unfortunately, there are many possible false positives, such as the noise of sea water flow in the service location and non-uniform flow of the liquid in the tanker when unloaded. Also, acoustic emission cannot provide the accurate depth or areas of the corrosion. Other methods are required.
Magnetic Flux Measurement
Corrosion is an electrochemical process that proceeds at a rate governed by the current flow between anodic and cathodic areas. This current is a direct measure of metal loss [Polly 2002 ]. Magnetic flux leakage method was initially used for inspection of a storage tank floor [Johnson 1992 ]. Magnetic flux sensors [Polly 2002] are shown in figure 7. With this system, for example, a sensor is immerged to sense the recent current flow in the liquid tank and detects the corrosion at a rate less than 0.02 µA/cm 2 , corresponding to approximately 0.01 mils/year for steel. By using computer control and processing, the map of corrosion damage can be produced and illustrated in figure 8. Penetration prediction maps are shown in figure 9. 
Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy has been developed to measure the early stage degradation of coating and substrate corrosion underneath a paint coating [Davis et al. 2000] . To monitor in-situ corrosion of surfaces and interfaces, the implantable, permanently attached electrodes have been used. Computer software has been developed to interpret the measurement data. The corrosion of coated materials begins with the absorption of moisture into the coating, then corroding occurs after the water in the coating reaches the substrate. The resistance will be decreased as the coating degrades. In figure 10 , the low frequency response demonstrates the three stages of coating degradation. The in-situ corrosion assessment was run by using the sensors attached to a ship, and the results are shown in Figure 11 . Figure 10 Low frequency impedance as a function of exposure time for coated aluminum specimens [Davis et al. 2000] 
Ultrasonic Guided Waves
The use of ultrasonic guided waves for ship hull inspection was introduced in 2000 [Song et al. 2002] to detect the damage to a ship's hull resulting from a bomb attack. The ultrasonic guided wave technique was suggested for its ability to provide a quick response, especially in difficult areas. The unique feature of guided waves is that they can travel along the curvature and geometric boundaries of the medium, such as pipes and plates. By using the reflection of guided waves combined with Locus Mapping, the discontinuity of a surface can be located. The procedure of generating guided waves and mapping are illustrated in figure 12 . The waves are sent from different locations and the transducers are rotated. When the defects are detected, the minimum arrival time will be collected and the map will be built. By using appropriate mode and frequency, guided waves can penetrate the 0.25 in (6.35 mm) thick ship hull, and travel through complicated structures with the maximum wave path of 7.6 m [Song et al. 2003 ]. The schematic of the ship hull inspection is shown in figure 13 . Shear horizontal electromagnetic acoustic transducers have ability to penetrate through a ship's hull and give more results. Figure 13 The schematic of ultrasonic guide wave inspection using Locus Mapping. [Rose 2002] 
Eddy Current Array
Eddy current sensor arrays, known as Meandering Winding Magnetometer Arrays (MWM-Arrays), provide the potential to detect, quantitatively characterize, and prioritize corrosion in structural components, including detection and imaging of corrosion through an insulating layer, such as paint or coating. When used on metals, MWM-Arrays are eddy current sensor arrays. The MWM-Array has a single drive winding to impose a shaped magnetic field as well as a linear array of inductive sensing elements to provide high-resolution imaging. MWM "sensor tips", fabricated with standard etching processes, provide registered linear arrays of sensing elements that can be scanned manually (with a simple position encoder) to produce two-dimensional Cscan type images without requiring expensive scanners and with minimal setup time.
The MWM-Array drive winding is driven with an electric current at a prescribed frequency (e.g., 250 Hz to 40 MHz). The ratio of the voltage measured at the terminals of each sensing element to the drive current provides the transfer impedance value. A fully parallel architecture instrument with parallel architecture probe electronics is used to measure the magnitude and phase of the transfer impedance at each sensing element. This high-speed, low noise parallel architecture instrumentation (e.g., with 37 channels providing absolute impedance magnitude and phase measurements in less than 10 milliseconds), combined with C-scan (2-D) imaging software and position measurement encoders, provides rapid manual or automated scanning, e.g., 2 in/sec with 1 to 3 in (25 to 75 mm). wide or wider MWM-Array. MWM-Arrays are designed so that interactions with multilayer media could be easily modeled from basic physical principles. Then, databases of sensor responses called measurement grids (for the two unknowns) can be generated in advance to permit direct measurement of properties or geometric parameters of interest. The MWM-Array technology with parallel architecture instrumentation is field portable and suitable for field inspections of flat and curved surfaces. The image of MWM-Array measurement is illustrated in figure 14 for an Al 7075 coupon with a 0.004 in (0.1 mm) lift-off (using a piece of paper to simulate a layer of paint). The left side of the figure is the reference area and the right side is the more severely corroded area, obtained at 1 MHz. The scan width is about 0.5 in (12.8 mm), and the length about 4 in (100 mm).
The MWM-Array sensor has been developed for inspection in aircraft made of aluminum structure and thin plate. For a monitoring application for ship structure, which involves more complex and thicker plates made of steel, development is in progress [Goldfine et al 2002] .
SUMMARY
Many techniques have been used to detect corrosion in marine structures and new techniques are being developed. Although marine structures are particularly challenging to assess for corrosion, further investigation into this area is important because the corrosion damage is costly. The acoustic emission technique is a passive sensor that has results for the industry. Further study is needed to interpret data, and the technology is hard to apply to ship structure because of the non-uniform flow in tankers. Magnetic flux measurement can measure inside tanks by immerging sensors and has the ability to provide accurate prediction for the life of the structure. Developments are still needed to measure the areas that are difficult to access. Electrochemical techniques are complicate and hard for ship operators to read and are subject to the effect of temperature and pH, as well as reduction and re-oxidation behavior. Ultrasonic guided waves have been used as passive sensors and give high penetration power; these waves have long propagation distance through complicated ship structure. The design of array transducers for large area inspection without physical movement should be advanced and the automatic system for data acquisition should be developed. Eddy current arrays give a high resolution and easy reading output in aircraft measurement with fast response, but require further development for applications to the large and complex structures of ships. The ultrasonic and eddy current arrays suggest the most likely techniques to assess corrosion in the marine structures in the future.
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